Abstract. The impact of tropospheric aerosols on the retrieval of column ozone amounts using space-borne measurements of backscattered ultraviolet radiation is examined. Using radiative transfer calculations, we show that the radiative effects of UV-absorbing aerosols produce spurious ozone column reductions. The magnitude of the total ozone underestimation depends on the aerosol type, optical depth, and aerosol layer height. Desert dust can produce errors as large as 10%. Smaller errors are produced by carbonaceous aerosols that result from biomass burning. Ozone retrieval errors associated with nonabsorbing aerosols are typically _+ 1% of the total ozone amount depending on aerosol optical depth and viewing geometry. Though the error is produced by complex interactions between ozone absorption (both stratospheric and tropospheric), aerosol scattering, and aerosol absorption, a surprisingly simple correction procedure reduces the error to ---1% for a variety of aerosols and for a wide range of aerosol loading. Comparison of the corrected Total Ozone Mapping Spectrometer (TOMS) data with operational data indicates that though the zonal mean total ozone derived from TOMS is not significantly affected by these errors, localized effects in the tropics can be large enough to affect seriously the studies of tropospheric ozone that are currently undergoing using the TOMS data.
Introduction
The inversion of satellite measured backscattered ultraviolet (BUV) radiances has proven to be an extremely reliable method of globally mapping the spatial and temporal distribution of the atmospheric ozone content. Since the first spaceborne BUV sensor was launched in 1970, several ozone sensing experiments (Total Ozone Mapping Spectrometer (TOMS), solar backscattered ultraviolet (SBUV) and Global Ozone Monitoring Experiment (GOME)) have used observations of the BUV radiation to monitor continuously the stratospheric ozone layer. Most future satellite missions to study the ozone layer are expected to include BUV-based ozone sensors. It was recognized very early [Dave, 1978] that the scattering and absorption effects of aerosols (both tropospheric and stratospheric) modify the ultraviolet radiation field and affect the retrieval of total ozone content and its vertical distribution.
Though the impact of background stratospheric aerosols on the ozone retrieval is small, large volcanic eruptions such as E1 Chichon (1982) and Mount Pinatubo (1991) produce easily recognizable artifacts in the total ozone field [Bhartia et al., 1993; and in the retrieved vertical distribution [Mergenthaler, 1985; . This paper discusses the effect that tropospheric aerosols have on the TOMS ozone retrieval process. Though earlier studies [e.g., Dave, 1978] looked at this problem, they used a limited number of synthetic aerosol models that were not tied to particular types of aerosols found in the Earth's atmosphere.
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A fresh look at the problem has become important for two reasons: (1) a new method of mapping aerosols using TOMS measurements has become available ; Herman et al., 1997], and (2) residual techniques applied to the TOMS data are now also utilized to infer tropospheric ozone content [Fishman et al., 1990; Hudson and Thompson, 1998; Ziemke et al., 1998 ]. Since tropospheric ozone is ---10% of the total ozone, a small error in total ozone can propagate to the derived tropospheric ozone, yielding a much larger percent error in the derived tropospheric ozone content. Moreover, most of the studies of tropospheric ozone focus on precisely the areas where the atmosphere has a large aerosol loading due to biomass burning or other pollution episodes.
We begin with an analysis of the effect of tropospheric aerosol types on the BUV radiances in section 2. The resulting errors in retrieved ozone are examined in section 3 by using synthetic aerosol-contaminated radiances in the TOMS algorithm. Finally, a method to correct for the tropospheric aerosol effect is discussed.
Tropospheric Aerosol Effect on Backscattered Radiances

Aerosol Models
A set of aerosol models representative of the most abundant tropospheric aerosol types were selected for this analysis. Table 1 shows the refractive index and the parameters (mode radius and width) of the aerosol models lognormal particle size distribution ]. Nonabsorbing tropospheric aerosols of anthropogenic origin are represented by a sulfate aerosol model [Shaw, 1979] In addition to aerosol physical properties (particle size distribution and complex refractive index), the change in upwelling ultraviolet radiance at the top of an aerosol-laden atmosphere also depends on the aerosol optical depth, its location in the atmosphere, and the reflectivity of the underlying surface. The change in radiance, with respect to a molecular atmosphere with a vertically distributed ozone amount, is shown in Figure 1 for the aerosol models used in this work (solid lines). The transition from a radiance increase at all wavelengths for the nonabsorbing sulfate aerosol model to a radiance decrease for the highly absorbing mineral dust model 
Aerosol Impact on TOMS Ozone Retrieval
In this section we present quantitative estimates of the errors introduced by aerosols in the ozone amounts retrieved
• 
TOMS Algorithm
The current operational (version 7) TOMS total ozone algorithm is essentially a two-step process. In the first step an initial estimate of total ozone is obtained by assuming a "Rayleigh model" of the atmosphere. In this model one approximates the true atmosphere by a molecular atmosphere containing a vertically distributed ozone amount bounded at the bottom by a Lambertian reflecting surface. For clear-sky conditions, or for fully cloudy scenes containing optically thick clouds, the reflectivity of the surface is adjusted to match the measured radiances at one wavelength (generally 360 or 380 .) The algorithm predicts the radiances at other TOMS wavelengths by detailed radiative transfer computations that account for ozone absorption, multiple scattering and polarization effects, Earth's sphericity effects, surface reflection, and the effects of instrument bandpass and atmospheric temperature. A simple correction is applied for rotational Raman scattering (ring effect) using the model developed by Joiner et al. [1995] . By interpolation of precomputed tables that vary with latitude and total ozone amount the algorithm finds a value of total ozone that explains the ratio of measured radiances at a pair of wavelengths (317.5 and 331.2 nm).
Careful analysis of TOMS data at weakly ozone-absorbing wavelengths (>330 nm) indicated that though the Rayleigh model (RM) worked surprisingly well in most cases, there were some notable exceptions. These included highly nonLambertian surfaces (e.g., sea glint), UV-absorbing aerosols (volcanic ash, smoke, and mineral dust), and small-size nonabsorbing aerosols. A detailed study of these deviations from the RM has led to the discovery of a fundamental new technique for detecting tropospheric aerosol from space [Herman et al., 1997; Torres et al., 1998 ]. To account for these effects (as well as for the selection of a better ozone profile, which will not be discussed here), the version 7 TOMS algorithm includes a second step. A quantity called residue is calculated as the difference in the logarithm of the measured radiances (historically referred to as N value) and those calculated from the RM. The N value definition of residue is nearly equal to the percentage difference between the measured and the predicted radiances divided by -2.3. Note that by definition of the RM the X• residue is zero. In the retrieval algorithm the residue is assumed to be linear with wavelength. Ozone is then recalculated by applying this correction using a first-order Taylor series expansion around the previously calculated ozone value [see McPeters et al., 1996] . The key point to note is that for this correction to be accurate the residues must be linear with wavelength. We examine this assumption next. There are additional sources of uncertainty in the ozone retrieval (for instance, ozone profile shape, loss of sensitivity to tropospheric ozone, and sun glint), which are additive and contribute to the spectral residues. At low and moderate solar zenith angles, however, the largest source of error is the presence of aerosols. The analysis of sensitivities to error sources other than aerosols is out of the scope of this paper.
Simulation Experiment
A simulation study was conducted in order to quantify the error in the retrieved ozone column amount when the atmosphere is loaded with aerosol particles. Radiative transfer calculations at the TOMS wavelengths were performed to generate the aerosol-contaminated radiances emanating at the top of an atmosphere of known total ozone content. Calculations were carried out for the aerosol models discussed in section 2.
To evaluate the aerosol effect under different conditions, radiative transfer calculations were done for several values of the 380 nm aerosol optical depth (0.5, 1, 2, and 4) and different locations of the aerosol layer (0.5, 1.5, 3, and 6 km) above the ground. The aerosol and ozone vertical distribution were discussed in section 2.
The aerosol-contaminated radiances were input to the TOMS algorithm. The difference between the retrieved ozone amount and the actual ozone content is the retrieval error associated with the aerosol interference. The error is expressed in percent of the total ozone amount. Calculations using different total ozone amounts indicate that although the absolute error increases with increasing total ozone amount, the relative or percent error does not depend on the total ozone content provided that the tropospheric component of the total ozone column does not change with changing total ozone content. The implication of tropospheric ozone variability in the resulting retrieval error will be discussed in a subsequent section.
Since in the simulation analysis the true atmospheric ozone content is known the spectral dependence departure (from a molecular atmosphere) shown in Figure 2 , attributable to tropospheric ozone, is probably due to a change in the path of the photons in the troposphere due to aerosols. Part of this simply is a shielding effect; that is, a highly absorbing layer would partially shield the ozone below it. However, the fact that the dotted line does not go to zero for very low altitude aerosols indicates that the absorption of photons by ozone above the aerosol layer is also reduced. This is probably because there is less multiple scattering in the presence of absorbing aerosols than in the Rayleigh atmosphere. The foregoing discussion highlights the fact that the effect of aerosols on BUV radiation is strongly affected by atmospheric ozone and hence cannot be corrected by any form of monotonic correction scheme, linear or otherwise. This has implications for other methods of retrieving ozone from BUV radiances, for example, the differential optical absorption spectroscopy (DOAS) method used in processing the GOME BUV data [European Space Agency, 1995].
Correction Procedure
Because the aerosol effect on the BUV radiation depends on several different parameters (complex refractive index, particle size distribution, aerosol optical depth, and aerosol layer height), it is extremely difficult to correct accurately the mea- depending on the geometry of the observation. The variability associated with aerosol type, optical depth, aerosol layer height, and viewing geometry is shown on the scatter plot in Figure 7 for both UV-absorbing and nonabsorbing aerosols. From this analysis it is apparent that the relationship between the retrieval error and AI for the UV-absorbing aerosol models (crosses) is general enough, over a wide range of conditions, to be described mathematically by a simple linear function. The straight solid line shown in 
Aerosol Effect on Nimbus 7-TOMS Data
Validation of the above described relationship in the TOMS data is not direct since the ozone variability associated with the aerosol interference must be separated from the natural spatial and temporal variability of the tropospheric ozone field. The natural variability may include tropospheric ozone increases as a biomass burning by-product and possible reductions as result of ozone processing on the surface of mineral dust aerosols [Dentenet et al., 1996] . Additional ozone reductions or enhancements may occur in the vicinity of the aerosol layer as the interaction of the aerosol scattering and absorption processes affect the ozone photolysis rates [Jacobson, 1998 ]. Unfortunately, the necessary information, both theoretical and observational, required to account for the actual tropospheric ozone variability is not available. Since those effects are quite probably similar in magnitude to the aerosol-introduced artifact (i.e., a few Dobson units), the results of a validation effort would be inconclusive.
A qualitative verification of the relationship between the absorbing aerosol-induced ozone underestimation and the AI is observed over the Saharan Desert. The effect is more easily observed during the summer when the aerosol layer is generally higher (---4 km or more above the surface), yielding larger AI values for the same amount of aerosol. These regions of high AI are frequently associated with total ozone amounts lower than in neighboring areas where the aerosol presence, as detected by the AI, is not as strong.
Over the biomass burning areas, on the other hand, the verification of the theoretically derived ozone error-AI relationship is more complicated. Although some areas of reduced ozone and large AI can be found, there are areas where the ozone content is enhanced in relation to the surrounding areas in spite of large AI values. A likely explanation of this reverse correlation is that the natural ozone increase generally associated with biomass burning events could be offsetting the aerosol absorption artifact.
Plate 1 shows the global geographical distribution of the error in the TOMS-derived ozone field on August 23, 1985, as obtained using (1). As expected, the retrieval errors are localized over the arid regions of the world and over areas known to be affected by large-scale biomass burning such as South America and Central Africa. On this particular day, derived errors as large as 5% (---14 DU) are observed over the western Saharan Desert, the coast of Angola, and Brazil. The effect of the aerosol artifact on the zonally averaged total ozone data is negligible (< 1%).
Summary and Conclusions
The radiative transfer processes of aerosol scattering and absorption affect the retrieval of ozone column amount by the TOMS sensor. The algorithm-predicted linear spectral dependence of the effect of nonabsorbing and weakly absorbing particles on the backscattered radiances is very close to the observed wavelength dependence. For this reason the ozone retrieval error in the presence of nonabsorbing sulfate and weakly absorbing carbonaceous aerosols is small. The deviation of the observed spectral dependence from the algorithmic assumption is larger when the atmosphere is loaded with moderately absorbing carbonaceous particulate and highly absorbing mineral dust. This causes significantly larger errors to oc- hand, errors as large as 8% are produced by layers of desert dust at 4 km or higher. The close linear relationship between the ozone error associated with absorbing aerosols and the TOMS aerosol index is the most important finding of this work. It has been shown that regardless of the aerosol type, optical depth, aerosol layer height, and viewing geometry, there exists a well-defined linear relationship between the error (as a percent of the total column amount) and the value of the aerosol index. This relationship is general enough to allow the application of a firstorder correction to the ozone data. Because the variability associated with the viewing geometry is small, the correction can be applied directly to the level 3 gridded data. The corrected ozone data are within 1% of the true value.
Correcting the ozone retrieval for the aerosol effect reduces the uncertainty of the tropospheric ozone content derived as a difference between the TOMS total ozone and other independent estimates of the stratospheric ozone content. The use of uncorrected TOMS total ozone amounts, in the application of the residual techniques, results in spurious tropospheric ozone deficits.
